Abstract: In this paper, we performed a comparison of four turbulence models using for numerical simulation of the hydrodynamic structure generated by a Rushton turbine in a cylindrical tank. The finite volume method was employed to solve the Navier-Stokes equations governing the transport of momentum. In this study four closure models tested were: k-ε standard, k-ε RNG, k-ε Realizable and RSM (Reynolds Stress Model). MRF (Multi Reference Frame) technique was used with FLUENT software package. The present work aimed to provide improved predictions of turbulent flow in a stirred vessel and in particular to assess the ability to predict the dissipation rate of turbulent kinetic energy (e) that constitutes a most stringent test of prediction capability due to the small scales at which dissipation takes place. The amplitude of local and overall dissipation rate is shown to be strongly dependent on the choice of turbulence model. The numerical predictions were compared with literature results for comparable configurations and with experimental data obtained using Particle Image Velocimetry (PIV). A very good agreement was found with regards to turbulence.
Introduction
Stirred tanks are frequently employed in industrial processes to carry out a variety of operations at several process stages that lead from raw materials to the desired product. Consequently, a large number of investigations aimed at quantifying stirred tank performance have been carried out. Nevertheless, the design of stirred reactor units is still subject to substantial approximations and uncertainties. This is likely due to the fact that most of the present knowledge on mixing phenomena in stirred vessels is based on simplified models and empirical correlations, which typically attempt to establish quantitative relationships among spatially averaged, or "lumped", parameters, even when these are known to exhibit strong gradients in the vessel (e.g. the mechanical power dissipation). This approach is acceptable in many instances on the one hand, but on the other hand it cannot account for the complex manner in which the various parameters interact. For instance, in a stirred vessel, the flow field generated by a Rushton turbine is complex. The discharge flow of the im-peller is characterized both by a high level of turbulence and by coherent vertical structures induced by the blade motion.
Significant improvements of the design capability and reliability of stirred tanks may be expected from advances in computational fluid dynamics (CFD) simulation techniques. CFD simulations offer the only cost-effective means to acquire the detailed information on flow and turbulence fields needed for realistic distributed-parameter process simulations. The problems associated with the determination of dissipation rate have been highlighted by Brucato et al. [1] Jaworski et al. [2] , Kumareson et al. [3] and Murthy et al. [4] . These authors employed the Reynolds-averaged Navier Stokes (RANS) CFD approach and the Standard k-ε model to predict dissipation values in different regions of a stirred vessel, and compared their findings with those obtained through experimental and empirical methods. Further works include those of Yakhot et al. [5] , Orszag et al. [6] and Kelly et al. [7] who used the RNG k-ε model, Shih et al. [8] who used the Realizable k-ε model for numerical modeling of turbulence, and Launder [9] , Eggel [10] , Desksen et al. [11] , Bakker et al. [12] , Roussinava et al. [13] , Hartmann et al. [14] , Yeoch et al. [15] , Alcamo et al. [16] and Derksen et al., [17, 18] who used the RSM and LES models in their studies of hydrodynamic turbulent flows generated in agitated tank. Specifically, Jaworski et al. [2] studied the effect of turbulence models on the quality of predictions. In addition, Aubin et al. [19] compared the results of numerical simulation models (Standard k-ε and RNG k-ε) with the experimental data from LDA. In most of these studies, the prevision of low turbulent kinetic energy has been attributed to shortcomings in these models, based on the assumption of isotropic turbulence studied by Abujalala et al. [20] , Armenante et al. [21] and Jenne and Reuss [22] . Noting the lack of numerical studies that predict the difference between the turbulent models, in this work we are interested to study four turbulent models. The main objective is the calculation of the local parameters of the flow through four different turbulent models to provide a reliable knowledge about the performance of each turbulence model.
Stirred vessel configuration
The tank geometry employed in this work is an unbaffled cylindrical tank with a flat bottom equipped by a Rushton turbine placed in the axial position z/H = 1/3 ( Figure 1 of blades used is equal to six (n = 6). The impeller is installed along the axis of the tank with a shaft diameter of d = 0.01 m. The same configuration system was investigated experimentally by Alcamo et al. [16] .
Numerical models
The CFD code Fluent with the multiple reference frames (MRF) was used for direct modeling of the impeller-tank interaction. Thus, no LDA data was used to obtain the CFD solution of the differential equations for momentum transfer.
Boundary conditions
The computational domain was split into two cylindrical zones, one of which is assumed to rotate with the impeller angular velocity of ω = 2πN, while the remaining space is modeled with a stationary reference. In that zone, the options of centrifugal and Coriolis forces were activated. The outer zone was stationary relative to the tank walls. Because the symmetry of the configuration, a radial one sixth of the volume is modeled. Figure2 shows the subdivision of the computational domain with the MRF approach. For the closure of the above equations, different turbulence models have been employed and these are described in the following section. The numerical solu-tion of these equations was achieved by a finite-volume method , together with the algorithm to prevent "checkerboard" oscillations, both of which are implemented in the computational code Fluent. Because there is no explicit equation for the pressure, special techniques have been devised to extract it in an alternative manner. The most well known of these techniques is the SIMPLE algorithm, or Semi-Implicit Method for Pressure-Linked Equations, adopted by Patankar [23] to couple the continuity and Navier-Stokes equations. The hybrid-upwind discretisation scheme was used for the convective terms. The simulation was also performed using the standard differencing scheme in conjunction with the MRF method to test whether the use of a different scheme would have any impact on the solution. It was found that the computed flow field is identical to that obtained with the hybrid scheme and therefore the differencing scheme had no effect on the predictions. In all cases, conventional linear-logarithmic wall functions were used on solid walls, while the free surface was treated as a symmetry plane. The solution convergence was carefully checked by monitoring the residuals of all variables as well as physical values of the swirl velocity. Residuals were reduced to the order of 10 −5 or less, which is at least one order of magnitude tighter than Fluent's default criteria.
Meshing
The grid elements can affect the quality of the solution. Therefore, a preliminary grid convergence study was carried out in order to verify that the solution is grid independent. For different types of meshes, we are interested to compare the numerical results with experimental data. The number of grid nodes in both the inner and outer mesh zones were systematically increased throughout the vessel. Generally, the numerical simulation with a coarse grid had a large deviation from the reference results. By gradually refining the grid, the contours of the results stabilize and approach the reference values. Also, it is noted that it is unnecessary to further refine the mesh, because the calculation time becomes very large and the results found are nearly identical. Thus, we show that there is a compromise between the mesh refinement and choice of computing time. In this work, we have used regular grid containing hexahedral elements for the full domain simulation in order to conserve flux in each cell and to resolve the steep gradients in the impeller region. A total grid size of 38880 cells (r = 27, θ = 18 and z = 80) was used for the full tank simulation. The impeller region (less than 5.5% of tank volume) was meshed with 15% of the total grid cells used for the full tank in order to resolve the steep gradients in the impeller region. Similarly, near the ves- sel wall, the geometry was meshed with a dense grid. In this zone, corresponding to the fully-turbulent layer, the Y + value is equal to 60.
Governing equations
For all computational approaches used in this work, the equations to be solved are the continuity and momentum equations. The continuity equation is a statement of conservation of mass. For a constant density fluid, it takes the form:
The momentum equations are a statement of conservation of momentum in each of the three components. The three momentum equations are collectively called the NavierStokes equations. In addition to momentum transport by convection and diffusion, several momentum sources are also involved. In cylindrical coordinates (r,θ,z), the momentum equations take the form:
The total pressure P is defined by the following equation:
The viscous stress tensor is σ defined by:
where:
F , F θ and F are respectively the centrifugal force, the Coriolis terms and the gravity. The expressions of these three terms are given in the following form:
Turbulence models
In the turbulent regime, fluctuations in the mean velocity and other variables occur, and their effect needs to be incorporated into the CFD model in order for the model to be able to provide meaningful results. This is done through the use of a turbulence model. The turbulence models tested are of a family of two-equation models, for which two additional transport equations must be solved in order to compute the Reynolds stresses. Particularly, we are interested to the Standard k-ε model, the RNG k-ε model, the Realizable k-ε model and the RSM model. The equation of the turbulent kinetic energy is given in the following form:
The equation of the dissipation rate of the turbulent kinetic energy is written as follows:
(17) whereG is the turbulent kinetic energy production term defined as follows:
The effective viscosity and the turbulent viscosity are defined as follows:
Due to gradients, the RSM model is characterized by the production term of the turbulent kinetic energy defined as follows:
The usual constants of these models are presented in Table 1.
The differential Reynolds stress model (RSM) was also tested in the current study; however the convergence for this particular problem proved to be very long and difficult. Numerous strategies were attempted to improve convergence, such as the lowering of under relaxation factors, using the UW differencing scheme and also evoking false time stepping. However, none of these procedures improved the level of convergence and therefore further simulations using this turbulence model were abandoned. 
Results
The numerical study of steady state turbulent flow induced by rotation of the turbine allows the visualization of the flow fields, the evolution of the three velocity components and the turbulent kinetic energy, especially in the proximity of the turbine. These numerical results are presented in the plane containing the blade. The turbulent flow is defined by the Reynolds number Re = 3·10 4 and impeller speed N = 200 rpm.
Distribution of the mean velocity in the r-z plane
In Figure 3 , the distribution of the mean velocity is presented in the r-z plane containing the blade. Globally, similar results are obtained with the different turbulence models. However, the difference is localized in the tank extremity. In the case of RNG and RSM models, the recirculation zones are located above and below the impeller. The registered maximum value (about 0.97 ms −1 ) shows a radial jet which arises at the side attack of the blade and reaches the side walls of the tank.
Distribution of the radial velocity in the rz plane
The spatial distribution of the radial velocity in the r-z plane containing the blade for different turbulence models is shown in Figure 4 . Overall, there are many differences between the distributions of the radial component for these four models in the same position. Especially, in the discharge region of the turbine, a very intense radial flow appears in all studied cases. This fact confirms the radial flow character of the turbine. Under these conditions, the radial velocity is equal to U = 0.429 ms , shows the areas where the radial component remains very low. In comparing these four models of turbulence, we find that the maximum value of the radial component is achieved with the RSM model. However, the RNG k-ε model is able to focus and to reduce the recirculation zones, approaching closer to the core of these loops. Due to the radial jet of the turbine, the isotropic model cannot explain the turbulence character. Figure 5 shows the spatial distribution of the axial velocity in the vertical plane of the blade. In these four cases, we note the appearance of two seats to the side walls near the turbine. In the upper zone seat, maximum values prove the existence of intense ascending jet at the side wall of the tank. Consequently, the seat of minimum values in the bottom of the tank has an axial jet downward. On both sides of the turbine, two recirculation loops develop from the blade and decrease gradually beyond the area swept by the stirrer. In the upper part, the recirculation zone is expanded with the RNG k-ε model. Negative values in this area show a downward movement of the fluid that feeds the turbine. On the contrary, the lower recirculation loop is characterized by positive values indicating the upward movement of the fluid pulled back through the turbine.
Distribution of the axial velocity in the r-z plane

Distribution of the turbulent kinetic energy in the r-z plane
The derivation of the standard k-ε model is based on the equilibrium hypothesis and an assumption of locally isotropic turbulence. This requires that there is no directional preference in the flow. It might be expected that the flow near the impeller is highly anisotropic and not in equilibrium due to the presence of the trailing vortex pair associated with the impeller blades. Figure 6 shows the distribution of the turbulent kinetic energy in the vertical plane containing the blade with the turbulence models defined above. From a first glance, it may appear that there is a significant difference between the distributions of the turbulent kinetic energy in each plane. In the standard and the RNG k-ε model, a wake defined by maximum values extends throughout the volume of the tank. The development of this wake reaches Figure 3 . Distribution of the mean velocity in r-z plane. Figure 4 . Distribution of the radial velocity in r-z plane. Figure 5 . Distribution of the axial velocity in r-z plane. Figure 6 . Distribution of the turbulent kinetic energy in r-z plane. the lateral surface located just in front of the blade. It gradually decreases away from the area swept by the turbine. Also, we can noted that the RNG k-ε version locates the maximum turbulent kinetic energy at the upper edge of the blade and describes the evolution of the wake from the blade to the sidewall of the tank. On the other hand, the standard and the realizable version of the k-ε model predict other forms of wakes. These differences are noted at the blade and near the lateral surface of the tank. In addition, the RSM model shows a wake zone more developed in the side walls of the tank. Moreover, there is a deficiency in the description of the area containing the edge of the blade where the turbulent kinetic energy must be maximized. For this reasons, the version of the RNG k-ε model seems most suitable for the characterization of the hydrodynamic turbulent flow generated in this system, as it provides more reliable results. shear stresses are very high, and the portion of the lateral surface of the vessel facing the discharge current where the normal stresses are dominant. Moving away from the mechanical source, these properties undergo a sharp decline due to the effects of training and development fostered by the turbulent viscosity. Beyond the discharge area of the turbine, the turbulent dissipation rate is very low and almost negligible in the whole area of the tank (on the order of 10
Distribution of the dissipation rate of the turbulent kinetic energy in the r-z plane
). However, the dissipation rate of the turbulent kinetic energy decreases gradually towards the walls. The RNG k-ε model seems most appropriate for determining the characteristics of turbulence. It provides lower levels of turbulent kinetic energy and its dissipation rate compared to other models suggesting that the results given by this model are in good agreement with the experimental data [16] . Figure 8 shows the radial profile of the axial component of velocity in different horizontal planes defined by: z/H = 0.2, z/H = 0.4, z/H = 0.6 and z/H = 0.8. These four planes are placed on both sides of the turbine to study the behavior of the axial component of velocity. In each axial position, we have compared the four turbulence models with experimental results of Alcamo et al. [16] . Overall, we noted a great similarity between the numerical results and the experimental data. However, the accuracy of the results is limited to the main characteristics of the flow and depends on the choice of the turbulence model. Among these models, we can confirm that the RNG k-ε model takes into account the small scale effects across the isotropic coefficients calculated explicitly. Thus, it seems most appropriate as it gives the possibility to directly calculate the specifications of turbulence.
Comparison with experimental results
Conclusions
Numerical predictions of the fluid flow structure in stirred unbaffled vessels were performed by using a finite volume method in conjunction with four turbulences models, implemented in the computational code Fluent. Particularly, we investigated the standard k-ε model, the RNG k-ε model, the Realizable k-ε model and the RSM model. The interaction of the rotating impeller and the stationary wall in the stirred tank was resolved by the Multiple Reference Frame (MRF) approach. The numerical results found with this approach were compared to experimental results given by Alcamo et al. [16] . The comparison between the turbulence models was made based on the repartition of the spatial velocity, turbulent kinetic energy and its dissipation rate. This study demonstrated that the RNG k-ε model takes into account the small scale effects in the isotropic coefficients calculated explicitly. Thus, it seems the most appropriate as it gives the possibility to directly calculate the specifications of the turbulence. The good agreement between the numerical results and the experimental results confirm the validity of our numerical method. In the future, we propose to investigate other configuration with the LES model. : Reynolds number
